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Abstract—M igration mis-regulation is a hallmark of cancer,
and remains an important problem in cancer biology. We
postulate the need for better in vitro models to understand
the details of cell-matrix interactions. Here, we utilized
multiphoton excited (MPE) photochemistry to fabricate
models to systematically study migration dynamics operative
in breast and ovarian cancer. Gradients are a convenient
means to modulate concentration and also have been
implicated in metastases. We specifically pattern sub-micron
structured gradients from laminin and fibronectin whose up-
regulation is associated with increased metastasis and poor
prognosis. We developed a new continuous linear bi-direc-
tional gradient design, permitting exploration of the
underlying cell-matrix interactions of migration, including
speed, directness, and f-actin cytoskeleton alignment as a
function of concentration. These new models provide both
contact guidance and ECM binding cues, and provide a more
relevant environment than possible with existing technologies
such as flow chambers or 2D printed surfaces. We found an
overall increase in these processes with increasing concentra-
tion on both laminin and fibronectin gradients for a series of
ovarian and breast cancer lines. Moreover, directness was
higher for more metastatic cells, indicating that epithelial or
mesenchymal state of the cell type governs the dynamics.
However, the specifics of the speed and directedness depend
on both the cell type and protein, thus we found that we must
consider these processes collectively to obtain a self-consis-
tent picture of the migration. For this purpose, we performed
a linear discriminate analysis (LDA) and successfully classi-
fied the different cell types on the two protein gradients
without molecular biology analysis. The bi-gradient struc-
tures are versatile tools to performing detailed studies of cell
migration, specifically haptotxis. We further suggest the can
be used in assessing efficacy of drug treatments targeted at
specific matrix components.
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INTRODUCTION

Combined, ovarian and breast cancers will con-
tribute to over 55,000 deaths this year in the US.?® In
addition to the genetic alterations, structural and
compositional changes in the tumor microenvironment
(TME) play a significant role in disease initiation and
progression. For example, the dynamic interplay
between cancer cells and the extracellular matrix
(ECM) composition influences differentiation, pro-
motes proliferation and enhances migration.*' This is
important as these events are highly regulated in nor-
mal tissues and become highly mis-regulated in cancer.
It is thus important to understand the details of the
operative cell-ECM interactions that promote cancer
growth, as this may provide both new imaging and
therapeutic targets.

The ECM is comprised of the basal lamina, a thin
membrane comprised primarily of collagen IV and
laminin (LN), onto which normal and cancer epithelial
cells adhere, and the underlying stroma, comprised
primarily of collagen and stromal fibroblasts. The
stroma also contains fibronectin (FN) which is up-
regulated in both ovarian and breast cancer and can be
concentrated near the basal lamina, where it is
assembled into fibrils. This is associated with poor
prognosis. Given the rich source of these adhesion
molecules, the basal lamina is the first site of tumor/
host contact and the “breach of barrier” is a first sign
of transformation and invasion.>® For example, Col IV
and LN are initially down and up-regulated, respec-
tively in ovarian tumors.”’ These adhesion molecules
and subsequent cell binding integrin expression levels
influnece adhesion, growth/survival as well as invasive
and metastatic characteristics via various intracellular
signaling pathaways, >!1:22:33:39:49.54.56.58

Mis-regulation of migration is hallmark of cancer
and it is critical to have a better understanding of the
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underlying adhesion/migration dynamics. It is now
well documented that up-regulation of FN enhances
migration and leads to proliferation.''33%3 There is
little known about the specific effects of LN on
migration, however, it is thought that LN is initially
downregulated as the basal lamina is breached during
invasion but then becomes re-expressed later in dis-
ease. Thus, understanding how matrix protein con-
centration relates to function is important as the
distribution of ECM binding sites determines both
integrin expression ((density and composition) and cell
polarity).”19:46:39:62

Current fabrication techniques used to create
migration models most commonly rely either upon
microfluidic devices or microcontact printing as the
means to immobilize proteins of a single concentration
and are essentially 2D.%%3%4%-61 While these models
provide insight into the role of immobilized concen-
tration gradients on cell migration and polarity, they
are not highly biomimetic.******* For example,
microcontact printing cannot reproduce the protein
crosslinking found in the native ECM nor provide
great flexibility in modulation of protein concentra-
tion.** Additionally, such printed surfaces simultane-
ously provide both ECM cues and contact guidance.
Boyden or flow chambers also have similar limitations
as the thin membrane provides ECM binding cues with
no topography.>>

We aimed to develop a model platform to study
aspects of migration dynamics, namely velocity,
directionality and cytoskeletal alignment using one
protein at a time. This permits hypothesis testing not
possible in patients or readily in animal models. Here
we use insoluble gradients of LN and FN as models, as
haptotaxis is thought to be important in metastasis and
additionally as a convenient means to smoothly mod-
ulate concentration. For this purpose we use multi-
photon excited (MPE) photochemistry, where the
photochemical process is analogous to the two-photon
excited fluorescence microscopy (TPFE) where the
excitation at the focal volume results in crosslinked
proteins with 3D features of submicron resolu-
tion.&1431:37:4247.57 "We  previously used the MPE
technology approach to generate models consisting of
LN “fibers”, i.e., linear structures of constant con-
centration with sub-micron height and width. Our
studies suggested that topographical features in com-
bination with protein concentration significantly
influenced the migration dynamics of ovarian cell
lines.”® Additionally, we showed that fibroblasts re-
sponded in a concentration dependent manner to
crosslinked FN gradients."?

To better study the role of concentration on cell
dynamics, here we implemented a new bi-directional
design of LN and FN gradients and achieved a larger
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range in concentration. Importantly, the gradients are
designed to have a maximum concentration in the
middle of the structure, thus there is no sharp cutoff in
concentration, i.e., a maximum at one end. Moreover,
we improved upon a previous design where which was
comprised of a mixture of discrete and contiguous
regions in the gradient structures. The new designs are
used here to study the migration dynamics (instanta-
neous velocity, directionality and cytoskeletal align-
ment) as a function of concentration for a series of
normal and cancer cells (breast and ovarian). Using
linear discriminate analysis of several migration and
cell alignment metrics we found that the resulting
dynamics were separable between the different respec-
tive cancer cell types and the two ECM components.
Our primary purpose was to develop these gradients as
versatile models and their use as a platform to pursue
signaling studies and response to drug treatments.

MATERIALS AND METHODS

Sample Preparation

Laminin (EMD Millipore CC095), Fibronectin
(EMD Millipore FC010), BSA (Sigma Aldrich A2153)
and Rose Bengal (RB) (Sigma Aldrich R3877) were
used without further purification. The fabrication
solutions consisted of LN and FN at 1 mg/mL, and
BSA at 10 mg/mL all containing 2.5 mM Rose Bengal
as the photoactivator. The devices were comprised of a
silanized slide equipped with an adhesive silicone
chamber (GraceBiolabs - SecureSeal) to contain the
protein solution during fabrication and aid in manip-
ulation of volumes during cell seeding protocols. A
BSA monolayer was formed on the silanized surface
one hour prior to fabrication.*? This serves as a non-
specific background whereas LN, FN, and BSA gra-
dient structures are fabricated on top of this layer.
Following the fabrication, the structures are washed
with DI water, rinsed in 1X PBS and kept hydrated for
cell seeding.

Fabrication System and Gradient Design

The ECM proteins were crosslinked into linear
gradients and also onto the surface via MPE photo-
chemistry. The optical setup and instrumentation
software used for fabrication has been previously
described.>>” We recently developed a new scanning
approach known as modulated raster scanning.” This
allows constant scanning (speed and step size) of the
laser with rapid modulation of the pixel dwell time
(MHz scale) to define the integrated laser exposure
while maintaining constant laser peak power. This
scheme results in constant absorption probability per
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exposure time, which is a linear process, and thus al-
lows mapping of the laser exposure to the resulting
crosslinked protein concentration. Specifically, a
computer generated grey scale design is directly map-
ped to the desired concentration in the gradient.

The in vitro models of the basal lamina are com-
prised of either LN or FN or BSA (non-specific con-
trol), crosslinked into straight gradients with linearly
modulated concentration. These fiber-like structures
(here after referred as bi-gradient fibers), have lateral
and axial dimensions of 0.7 and 2 um, respectively, are
600 um in length, and are separated by 10 yum to ensure
that cells contact at least two fibers (based on 1040
um diameters of the cells). The length was chosen to be
sufficient for cells to migrate over a period of two to
three days. Along the gradient, the concentration of
the crosslinked protein is linearly increased from the
edges converging to a peak at the center of the pattern
resulting in what we term a bi-gradient structure. The
rationale for the design stems from the ability to gen-
erate smooth changes in protein concentration that is
perhaps more reflective of the in vivo biology. The peak
concentration at the center of the pattern affords
examination of key dynamical features when cells face
a decision process when reaching the apex.

Cell Culture and Time-Lapse Imaging

Four different ovarian cell lines of varying meta-
static potential and characteristics were used in these
experiments, where these were HEY1, SKOV3.ipl,
OVCA433 and Immortalized Ovarian Surface Epithe-
lium (IOSE) as the normal.”?” These four cells were
cultured at 37 °C and 5% CO, in DMEM/F12 medium
base (Life Technologies) supplemented with 10% FBS
(Life Technologies). In addition, the breast cell lines
were MDA-MB-231 and MCF-10A, representing
highly metastatic and normal, respectively. MDA-MB-
231 were cultured using DMEM (Life Technologies)
medium base and 10% FBS, wherecas MCF-10A
medium included DMEM/F12 medium, 5% horse
serum, EGF (20 ng/mL- EMD Millipore), hydrocor-
tisone (0.5 ug/mL) and insulin (10 pug/mL) as speci-
fied.'® As previously reported, these cells will not grow
for 2-3 days without serum.

Prior to cell seeding, the devices were sterilized by
washing with 1X PBS containing 100 U/mL penicillin—
streptomycin (Invitrogen). All the cell lines were seeded
at density of 35 K cell/mL per device (or 55 cells/mm?)
and incubated overnight to afford cell attachment
prior to imaging. The following day, culture dishes
containing fabricated structures and cells were flooded
with their respective media supplemented with peni-
cillin-streptomycin in advance of time-lapse imaging
of migration.

Time lapse imaging was performed using an in-
verted Nikon Ti-Eclipse microscope equipped with
an incubator system (Pathology Devices, Inc.—
LiveCell™) for long term studies. Phase contrast
images of each seeded fabricated pattern were collected
using a 10 x 0.25 NA objective every 15 min over the
72 h observation period.

Migration Analysis

Cell tracking was performed with Imaris
(v7.6.5—Bitplane AG) using the spot tracking tool.
Migration patterns of individual cells on gradients
were tracked over the 72 h observation period. The
manual editing feature allows tracks to be split when
cell division occurs during the tracking period. For
each fabricated pattern, 20-30 cells were tracked for
statistical significance, where this was performed for at
least ten independent measurements. We limit the
analysis to single cell migration and did not continue
the analysis to time points for cells after collective
migration was observed. This time varied across cell
lines.

Immunofluorescence Staining

Ovarian and breast cells were grown on gradient
structures between 16 and 24 h prior to staining. These
cells were fixed in with 4% paraformaldahyde in PBS
for 10 min. Following a three-step wash with 1X PBS,
the cells were permeabilized with 0.2% Triton X-100
and treated with a 5% BSA blocking solution for
45 min. To stain for focal adhesions, the cells were
incubated with an anti-vinculin primary antibody (at
1:200 dilution; EMD Millipore) overnight at 4 °C
followed by incubation with a fluorescent secondary
antibody, IgG Alexa488 (1:1000 dilution; Invitrogen),
for 1 h at room temperature. In addition, the cells were
stained for f-actin to visualize stress fibers using Texas
Red conjugated phalloidin (Invitrogen).

Cells were treated with a DAPI/DABCO anti-fade
solution to minimize photobleaching during fluores-
cent imaging. Fluorescent images of each respective
channels were collected with a highly sensitive CCD
camera (QImaging R2000R) using a 40X 0.8NA water
immersion lens.

Statistical Analysis

The data extracted by Imaris from the tracked cells
was processed with self-written code in MATLAB
R2013a (Mathworks—Natick MA). The main features
include calculations of cell position (with respect to
fiduciary marker representing the center of the pattern)
and instantaneous speeds, angles and direction of the
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migration projection. The analyzed data were segre-
gated into 11 regions (approximately 55 pum long)
along the entire length of the pattern to represent the
migration of cells on different protein concentrations
along the LN or FN gradients. In addition, the ori-
entation of immunoflourescent images of actin stress
fibers was analyzed using CurveAlign (Image J soft-
ware).® This software utilizes curvelet transform anal-
ysis to extract “fiber like” features in an image.

Originl4 (OriginLab) was used to perform two
sample ¢ tests on the means of migration, where a
standard significance level of p < 0.05 was used for all
the analysis. Additionally, directional statistics were
performed on angles of the migration projections and
f-actin distribution using Oriana (Kovach Computing
Services) in conjunction with the Circular Statistics
Toolbox (MATLAB central). Specifically, the von
Mises—Fisher criterion was used to assess circular dis-
tribution of the angles associated with migration pro-
jection as well as the orientation of f-actin fibers.*?
From the probability density function of the angle
distribution.

ox cos(x—p)

Sx|u, %) AN

parameters such as mean direction (1) and concentra-
tion (x) are quantifiable metrics extracted from the
distribution. In the instance of the angle of migration
projection, the relative value of k represents the
directedness of the migration by the cells. For all cir-
cular distributions, the pairwise Watson U” test was
used to determine the statistical significance at 95% (or
p < 0.05) confidence interval.

Lastly, metrics from the migration dynamics were
used as inputs to a linear discriminate analysis (LDA)
model to extract discriminate variables yielding maxi-
mum separation between groups. The canonical dis-
criminate functions are comprised of migration speed,
directedness, f-actin distribution and relative protein
concentration. Variables such as the cell type and the
substrate (LN or FN) were defined as groups in our
model. All LDA modelling was performed using Sta-
tal4 (SataCorp LP) software.

RESULTS

Characterization of Gradient Models

Laminin, fibronectin and BSA gradient fibers were
fabricated vie MPE with design parameters to maxi-
mize concentration at the apex of the bi-gradient pat-
tern. The resulting morphological features are shown
in Fig. 1 as phase contrast images of LN (left) and FN
(right) gradient fibers, where darker regions corre-
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spond to higher concentration. Figure 1b shows
immunostaining of the gradient structures using cor-
responding primary antibodies to demonstrate that
binding sites on the crosslinked proteins are available
post-fabrication and also as quantitative metrics of the
resulting crosslinked protein concentration.

The bottom plots show the resulting protein con-
centration of LN and FN along 600 micron long fibers,
where this was determined by immunofluorescence.
Here this intensity was converted to concentration by
comparison with corresponding labeled self-assembled
monolayers of known concentration. The calculations
were carried out by modeling protein adsorption to
glass as monolayers of certain thickness.'” Then, we
determined that the range of crosslinked concentration
from the edge to the center of the fabricated pattern
varied from 5 to 35 uM respectively for both LN and
FN, or in terms of slope, 94.8 and 98.5 nM/um
respectively.

Crucial to our gradient design is that the geometri-
cal features (width and height) of the fiber remain
constant as we vary the total exposure dose and pro-
tein concentration across the fiber. We note that due to
use of constant laser power (i.e., constant absorption
probability), the dimensions of the gradients are indeed
independent of concentration,'*'? where we have ver-
ified this through higher resolution optical imaging."?

Migration Dynamics

The migration of ovarian and breast cell lines was
studied by tracking individual cells on the fabricated
patterns over 72 h. Figure 2 is a panel of representative
migration trajectories overlaid on the pattern. Initially
evident is the directed response of the migratory pat-
terns for the ovarian (HEY1, SKOV3, OVCA433) and
breast (MDA-MB-231) cancer cells to the crosslinked
LN or FN gradients relative to the normal IOSE and
MCEF-10A cells. We next quantified the response using
metrics of the migration dynamics of the cell lines to
LN, FN, and the BSA control (contact guidance only).

To determine the haptotactic response of the cells
on the fiber gradients, we segregated the migration
dynamics to 11 specific regions along the direction of
changing protein concentration (x direction) equating
to approximately 55 um in length (see Fig. 1). In these
regions, we measured the migration speed of individual
cells and the corresponding projection angle relative to
the axis of the fiber as a measure of migration direct-
edness. Figure 3 shows the migration speed of all the
cell lines on LN and FN fibers. The centerline at
Position x = 0 um corresponds to the peak concen-
tration of the bi-gradient pattern (see Fig. 1). As a
control, we determined migration speeds of cells on
analogously fabricated BSA fiber gradients. These
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FIGURE 1. Characterization of crosslinked LN (left) and FN (right) gradients. (a) images display the morphology of the cross-
linked fibers under phase contrast, (b) shows immunofluorescence images, and (c) plots the resulting concentration of each
protein over the 600 um length of the gradient fibers. Concentration measurements were based on the respective immunostaining.

provide only contact guidance and no ECM cues. The
experiments indicate very minimal to no modulation in
migratory response across all the cell lines on the BSA
fibers. The larger variation for MDA-MB-231 cells on
BSA likely arises due to the randomness of the
migration from a lack of ECM cues. These observa-
tions are consistent with our previous studies where we
have shown that contact guidance is not the only
operative factor in migration on these nanostruc-
tures.”’

Our results indicate that highly metastatic HEY
ovarian cancer cells overall display higher migration
speeds on FN rather than LN fibers. However, on
each, the speed increases with increasing concentration
and eventually plateaus at center of the pattern i.e., the
highest concentration. Also evident is the decrease in
migration speeds at the highest concentration point on
the LN and FN gradients. These local decreases are
statistically different compared to the highest migra-
tion speed along the fiber gradient. Table 1 indicates
all the statistical significances of the mean migration
speeds using two-sample t-tests at a 95% confidence
interval. The diagonal values in Table 1 also shows
that when comparing HEY1 cells on LN vs. FN fibers
at similar protein concentrations, most of the migra-
tion speeds are statistically different at lower ends of
the fabrication gradients and only converge at the
center of the pattern.

In analogy with the HEY1 cells, we observed that
the highly metastatic breast cancer cells, MDA-MB-
231, displayed a propensity to migrate faster on FN
structures but had a weaker dependence on the local
concentration. These cells were still highly migratory
(faster than HEY! cells) but the only significant
modulation in speed occurred towards the center of the
pattern where there is a statistically significant decrease
relative to the neighboring points on the gradient for
both LN and FN structures (see Table 1). We also
found that the migration speeds for MDA-MB-231
were statistically faster on FN than LN fiber gradients.

In contrast, we observe that non-metastatic cell lines
such as IOSE and MCF-10A migrated faster on LN
constructs. Also, IOSE and MCF-10A only show
modulation in migration speeds towards the edges of
LN fibers and eventually plateau towards the center of
the patterns. This could be ascribed as saturation in the
cell adhesion where higher protein concentration does
not continue to significantly contribute to migration
speed.

For the “moderately” metastatic cell lines SKO-
V3.ipl and OVCA433 (defined based on their relative
position on the epithelial to mesenchymal (EMT)
spectrum),”® we found different behavior in migration
speeds than the highly metastatic HEY1 and
MDA-MB-231 cell lines. For example, for SKOV3.ipl
cells, the migration dynamics showed that these cells
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FIGURE 2. Migration trajectories of ovarian and breast cell lines on fabricated LN bi-gradient patterns. Temporally color coded
tracks represent migration of cells over a period of 72 h. In all figures, the fabricated fiber orientation is horizontal (x-axis). The field
of view in each image is approximately 600 x 600 um (scale bar = 150 um) and 1000 x 1000 um (scale bar = 200 um) for the cancer
and normal cell lines, respectively.

respond similarly to FN and LN cues in terms of speed
modulation in response to concentration, where Ta-
ble 1 shows that only a few points are statistically
different between the proteins. In contrast the
OVCA433 show the greatest modulation on LN vs.
FN fibers. One notable difference is that during the
72 h observation period, the OVCA433 begin their
migration patterns as single cells and within 4-6 h
switch to a more collective migration. During this
switch in the migration mechanism, both speed and
persistence are highly modulated. We next utilize
directional statistics of migration and cytoskeleton
alignment as further metrics to understand the relative
cell and protein contributions to the migration
dynamics.

Migration Directedness and the Cytoskeleton Alignment

Figure 4 shows an example of an immunolabeled
image of IOSE cells on LN fibers stained for f-actin
and vinculin. Using curvelet analysis, we extracted the
orientation of f-actin fibers (Fig. 4b) and plotted the
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angular distribution over three specific concentration
regions (low, medium and peak) along the fabricated
pattern (Fig. 4c). The angular distribution is repre-
sented by x, the isolated metric from directional
statistics under the modeling of the von Mises-Fisher
criterion (see “Materials and Methods”). We do not
report the mean resulting angle (u) as it is essentially 0°
in all cases (in direction of the fiber axis). We found an
overall increase in alignment, i.e., narrower distribu-
tion of stress fibers at higher protein concentration for
all the cells on both protein gradients. Table 2 sum-
marizes the statistical evaluation of f-actin distribution
with respect to protein concentration, where for sim-
plicity, “Y” corresponds to p < 0.05.

Our findings also indicate that there is a slight shift
in cytoskeleton alignment in IOSE and OVCAA433 cells
with a preference towards FN gradients as shown in
Fig. 5. With higher metastatic cell lines such as HEY1
and SKOV3.ipl, this preference in cytoskeleton
alignment was not observed. However, our data shows
that relative f-actin distribution is significantly differ-
ent between cell lines and can be used as a discriminate
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FIGURE 3. Migration speeds of ovarian and breast cell lines on LN (black), FN (red) and BSA (blue) gradient fibers. Measured
speeds represents cells tracked over 72 h. IOSE and MCF-10A cells are observed over topographies over 1200 um in length.

variable (to be used below). When comparing breast
cell lines, the cytoskeletal distribution was not signifi-
cantly different between the proteins, however, the
metastatic MDA-MB-231 cells had significantly larger
alignment than the normal MCF-10A cells on both
proteins.

We used the same directional statistical methods to
assess the angular distribution of the migration
directedness for the ovarian (Fig. 6a) and breast cancer
cells (Fig. 6b) on both FN and LN gradients. Here,
this is defined as the angle of the position vector from

one frame to the next with respect to the axis of the
gradient fiber. We found that for both ovarian and
breast cells, the resulting directedness is significantly
higher for metastatic cell lines compared to their cor-
responding normal cells. Furthermore, metastatic cell
lines overall showed higher directed migration on LN
than FN fibers, where strong contrast is especially
evident for the highly aggressive MDA-MB-231 cells.
The normal cell lines on the other hand show slightly
larger directedness on FN fibers. IOSE and MCF-10A
cells have very little to no modulation across the
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TABLE 1. (top) Two sample t-tests on the migration speeds of all of the ovarian and breast cell lines. Migration speeds are

compared at each segmented region of the pattern (Region 1—Peak) where 31 or 35 uM is the “PEAK” of the pattern for LN and FN

respectively and 5 uM is the edge (Region 1). The letter “Y” indicates statistical significance at p<0.05 and blank indicates no

significant difference. The grey boxes represent cells on FN gradients and the top half represents cells on LN. The color coded

diagonal compares migration speed of cells on FN vs. LN only at the relatively same segment of protein concentration. (bottom)
Number of cells analyzed in each case.

IOSE sum [ 10 | 15 | 20 | 25 | 30 | ovcaa3s [sum | 10 [ 15 | 20 | 25 | 30
Y 5uM Y Y Y
Y Y Y 11 Y Y Y
17 Y 17 Y Y Y
23 Y 23 Y Y
29 Y Y 29 Y
Y 35 [
sKkov3.ipl | sum | 10 | 15 | 20 | 25 | 30 HEY1 sum | 10 | 15 | 20 | 25 | 30
5uM 011 | v Y Y Y Y 5uM Y Y Y Y Y
11 Y |o071 Y 11 Y Y Y Y Y
17 0.06 0.89 Y 17 Y Y Y Y
23 Y Y Y Y Y 23 Y Y Y Y
29 Y Y Y Y Y 29 Y Y
35 Y Y Y 0.80 I 35 Y Y % " o
MCF-10A |[sum | 10 | 15 [ 20 | 25 | 30 % sum | 10 | 15 | 20 | 25 | 30
S5uM
11
17
23
29
35
Sample size | IOSE OVCA433 SKOV3.ipl | HEY1 MCF-10A MDA-MB-
N 231
Laminin 103 152 117 135 86 142
Fibronectin | 82 138 102 84 84 159

varying crosslinked concentration on LN fibers. Ta-
ble 3 summarizes the statistical evaluation of migra-
tion directedness with respect to protein concentration.

To further illustrate the haptotactic response of
ovarian and breast cells on the models, we plotted the
migration speed and directedness as a function of
protein concentration as shown in Fig. 7. The general
trends indicated that cells associated with higher me-
tastatic potential respond to gradient patterns with
higher migratory speeds and directedness (delineated
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by the blue sheet). For the individual ECM compo-
nents, an increase in migration speeds towards the
center of the pattern follows with an increase of
directedness (as shown in Fig. 6). However, this trend
does not follow when comparing same cell lines on the
two protein gradients. The normal IOSE and MCF-
10A cell lines show faster migration on LN yet slightly
lower directness relative to FN. In contrast, HEY1 and
MDA-MB-231 cells display higher migratory speeds
on FN yet lower directedness compared to LN models.
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FIGURE 4. (a) F-actin (orange), focal adhesion (green) and nuclei (blue) staining of IOSE cells from the R3 region of the LN
gradient fibers; (b) is the extraction of f-actin fibers from the same cells using CurvAlign. (c) Histograms of f-actin distribution
along specific regions of the fibers with corresponding kappa value of the concentration of the angle distribution. Scale

bar = 50 um.

For SKOV3 cells, migratory speeds are relatively the
same for both proteins yet the directness is higher for
FN. In contrast, OVCA433 cells show an increase in
migratory speeds for LN yet their directedness is the
same for both proteins. In sum, these results show that
both speed and directness need to be considered and
further in the context of the interacting protein.

Linear Discriminate Analysis of Migration Dynamics

We found that the haptotactic migration dynamics
depend on both the cell phenotype and the ECM
proteins. To collectively quantify these combinations,
we incorporated migration speed, directedness and
cytoskeletal alignment of cells along LN and FN gra-
dient fibers as metrics into a canonical LDA model.
These metrics are reduced to two orthogonal func-
tional scores used to discriminate the cell types. Fig-
ure 8 shows the LDA analysis and Table 4 shows the

resulting classification scores for ovarian cells with
respect to LN and FN. We first note that the LDA
differentiates migration dynamics of all four ovarian
cell types using both LN and FN gradient structures
(see corresponding accuracy tables in Table 4). Our
data indicates that LN fiber models yield larger sensi-
tivity (all >90%) of distinguishing migratory patterns
of different cell lines compared to FN models (80—
100%). Furthermore, the resulting standardized
canonical discriminant function coefficients indicate
that the migration speed and directedness at specific
protein concentration are the two predominant con-
tributors to these resulting functional scores.
Similarly, the LDA also shows that we can use migra-
tory dynamics to separate the normal and metastatic
breast cancer cell lines, where the results and Table 5 are
shown in Fig. 9. First, there is excellent discrimination
between the normal and cancer lines as the classification
accuracy is >90%. For example, classification accuracy
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TABLE 2. (Top) Watson U? Test for the f-actin distribution. The grey boxes represent cells on FN gradients and the top half

represents cells on LN. The letter “Y” indicates statistical significance at p<0.05 and blank indicates no significant difference. The

color coded diagonal compares migration speed of cells on FN j. LN only at the relatively same segment of protein concentration.
(bottom) Number of cells analyzed in each case.

I0SE S5mM 10 15 20 25 30 OVCA433 S5mM 10 15 20 25 30
S5mM Y Y Y Y Y S5mM Y Y Y Y
11 Y Y Y Y Y 11 Y Y Y
17 Y Y Y Y Y 17 Y Y Y
23 Y Y Y Y Y 23 Y Y Y Y
29 i Y Y Y Y 29 Y Y Y Y
35 Y Y Y Y Y 35 Y Y Y Y Y
SKOV3.ipl 5mM 10 15 20 25 30 HEY1 S5mM 10 15 20 25 30
5mM Y Y Y Y 5mM Y Y Y Y Y
11 Y Y Y Y Y 11 Y Y Y Y Y
17 Y Y Y Y Y Y 17 Y Y
23 Y Y Y Y Y 23 Y Y Y Y
29 Y Y Y Y Y Y 29 Y Y Y
35 Y Y Y Y Y 35 Y Y Y Y
MCF-10A S5mM 10 15 20 25 30 % S5mM 10 15 20 25 30
S5mM
11
17
23
29
35
Sample size | IOSE OVCA433 SKOV3.ipl | HEY1 MCF-10A MDA-MB-
N 231
Laminin 320 420 318 121 280 140
Fibronectin | 250 325 466 112 259 89

between biological groups is typically considered excellent
and clinically relevant for values >85%. Although LDA
shows little discrimination between the response to LN and
FN for the normal MCF-10 cells, highly metastatic MDA-
MB-231 behave significantly different in terms of speed,
migration directedness and f-actin distribution across
varying protein concentration.

DISCUSSION

We utilized multiphoton excited photochemistry to
fabricate bi- directional gradient models to study
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migration of ovarian and breast cancer cells. These
constructs offer smooth transitions in immobilized cues
at cell relevant size scales; an aspect that is quite dif-
ficult to achieve with other patterning techniques. We
also find these models to be superior to our previous
work by representing linearly modulated ECM com-
ponents that lack sharp cut-off topographies.'* While
these models do not have multiple components and do
not recapitulate the native environment, they do allow
us to systematically study migration of one protein at a
time as a function of concentration. Importantly, the
nanostructured gradients provide both contact guid-
ance and ECM cues. While LN is not fibrillar, it is still
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FIGURE 5. Distribution of relative f-actin alignment on LN and FN structures for ovarian (left) and breast (right) cancer cells. The
diamond box indicates standard deviation for both ovarian (left) and breast cancer cell (right) lines.

(a) -
— —a— |OSE (Lam)
8 - -+-|0SE (FN)
= ] A —&—HEY1 (Lam)
g 35 /N | -+ -HEY1 FN)
~ i v 7\‘, 4
3 e \
0] i -5 N\
% A \\‘ > R :‘;«\‘
g /)« V, *\\
o gk >
0 25 \
a ] - \
c
kel J
©
D )
E 1 5 T T T T T T T T T T T 1
-300 -150 0 150 300
X position (um)
(b) _ —=— MCF10A (Lam
= : A - -+ -MCF10A (FN)
a 6.0 - —4— MDA-MB-231 (Lam)
o ] - -+ - MDA-MB-231 (FN)
~ A / \ A
a 5.0 1 / VN A
§ ] J".‘l‘ o *. N x A
/ 7 v. A
6 4 O - A ,/ = v,
) ] - .
=
.S 3.0 1
E .
2 4
s 2.0
-300 -150 0 150 300

X position (um)

FIGURE 6. Cell directedness of normal and highly metastatic
ovarian (a) and breast (b) cancer cell lines. The modulation of
directedness (kappa) is shown as a function of protein con-
centration.

important to provide topographic cues beyond flat
printed surfaces to present a more biomimetic envi-
ronment.* For example, it was recently shown that
breast cancer cells haptotaxed on FN but not LN
printed surfaces.*’ In strong contrast, we observed
strong haptotaxis on both FN and LN gradients. This
likely arises as the gradients present structural cues on
the approximate size scale (500 nm) of focal adhesions.
Thus, while the gradients do not replicate the in vivo
lamellar basal lamina or underlying stroma, the models
are a convenient approach to study details of migra-
tion where the concentration can be varied quickly
while presenting some topographic cues. This affords
better hypothesis testing than possible with more
established methods including Boyden chambers or
microcontact printed surfaces. It would have been
interesting to also have used Col I gradients, as dif-
ferential migration of epithelial cells on FN, LN and
Col I has been previously described.'> However, Col I
is not compatible with the photochemical approach
used here due to pH considerations. We also excluded
Col IV gradients from this study for the same reason.

In these models, all the cell lines display an elevation
of migration speed, directedness and modification to
the cytoskeleton alignment in response to an increase
in ECM concentration. Specifically, we observe that
migration dynamics are highly correlated with the type
of ECM topographical cues represented. In the in-
stance of HEY1, MDA-MB-231 and OVCA433 cells,
we also observed a biphasic response in migration
speed as these cells approach higher protein concen-
tration with a plateau of speed at the peak of the
pattern. Given the geometry where the spacing of the
LN and FN gradient fibers is chosen to be 10 um (or
less than half the cell size), we believe saturation of the
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TABLE 3. (top) Two sample t tests on the migration speeds of all of the ovarian and breast cell lines. Migration speeds are

compared at each segmented region of the pattern (Region 1—Peak) where 31 or 35 M is the “PEAK” of the pattern for LN and FN,

respectively, and 5 uM is the edge (Region 1). The letter “Y”’ indicates statistical significance at p<0.05 and blank indicates no

significant difference. The grey boxes represent cells on FN gradients and the top half represents cells on LN. The color coded

diagonal compares migration speed of cells on the two gradients only at the relatively same segment of protein concentration.
(bottom) Number of cells analyzed in each case.

I0SE sum [ 10 | 15 | 20 | 25 30 | ovcaass | sum | 10 15 20 25 30
5uM Y 5uM Y Y Y Y Y
11 Y Y Y Y Y 11 Y Y Y
17 Y Y Y 17 Y Y Y
23 Y 23 Y Y
29 Y Y 29 Y Y Y Y Y
35 i Y Y Y 35 Y Y Y Y
SKOV3.ip1 | 5um | 10 | 15 | 20 | 25 30 HEY1 5uM | 10 15 20 25 30
5uM Y Y Y 5uM Y Y Y Y Y
11 Y Y Y Y Y Y 11 Y y Y Y Y
17 Y Y Y 17 Y Y
23 Y Y Y Y Y 23 Y Y Y
29 Y Y Y Y 29 Y Y Y Y Y
35 Y Y Y Y Y Y | 35 Y Y
MCF-10A | 5um | 10 | 15 [ 20 | 25 30 -—MD: ;2"8' s5uMm | 10 15 20 25 30
5uM Y Y Y Y 5uM
11 Y Y Y Y 11
17 Y 17
23 Y Y Y 23
29 Y Y Y 29
35 Y Y 35
Sample size | IOSE OVCA433 SKOV3.ipl | HEY1 MCF-10A MDA-MB-
(N) 231
Laminin 103 152 117 135 86 142
Fibronectin | 82 138 102 84 84 159

focal adhesion sites for the specific ligand (i.e., LN or
FN) at the peak of the pattern induces either cell
spreading or modulation of the cell polarity.

When comparing effects of single ECM component,
our results indicate that highly metastatic cells, HEY
and MDA-MB-231 preferentially migrate faster on FN
yet show higher directedness on LN gradient fibers.
Higher migratory speeds on FN suggest a higher
turnover rate in adhesion complexes and resulting

E BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org

lower cell polarity and lower directedness in migra-
tion.”” Consistent with significant number of stud-
ies, 173663 these findings collectively suggest that FN
may play a crucial role in the initial attachment of
cancer cells and dissemination. However, markers of
increased invasive characteristics are attributed to
increases in LN expression (via Ras-MAPK, Erk and
Akt pathways) with implications of proteolysis, which
may be a later step in the invasion/metastasis pro-
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FIGURE 8. Linear Discriminate analysis of ovarian cell lines
on LN and FN models. Represented are HEY1 (red label),
OVCAA433 (green), SKOV3.ip1 (yellow) and IOSE (blue).

cess.> 183460 Consistent with this suggestion, the non-
metastatic cells (IOSE and MCF-10A) show higher
migratory speeds on LN fibers yet slightly elevated

directedness and larger modulation of migratory
speeds on the FN constructs. Cell migration on LN has
not been as well-studied, but detailed analysis could be
carried out on these gradients.

With the fabricated LN and FN models, we also
show that increase in migration speed and directedness
directly correlates with metastatic potential in both
ovarian and breast cancer cells. Furthermore, our
models elucidate migratory behavior of cells that fall in
the middle of the spectrum of metastatic behavior with
mixed epithelial (OVCA433) and mesenchymal
(SKOV3.ipl) characteristics.”® SKOV3.ipl cells dis-
play relatively medium migratory speeds (compared to
HEY1 and MDA-MB-231) yet show higher preferen-
tial directedness on FN rather than LN, i.e., their
behavior is dominated by directedness in migration
rather than speed. Similarly, the more epithelial like
OVCA433 cells overall display significantly larger
migratory speeds compared to HEY1 cells, where the
latter has undergone significant epithelial-mesenchy-
mal transition (EMT).**** Their preference for higher
migratory speeds on the LN gradient is an indication
of their epithelial behavior. These results reinforce a
crucial concept in cancer biology that EMT is a sig-
nificant step in cancer invasion and metastasis. Our
results are consistent with a hypothesis of cancer evo-
lution that mis-regulation of migration precedes an up-
regulation of intercellular pathways towards increased
directedness and subsequent invasion.

In sum, all the aspects of migration need to be
considered, i.e., concentration of the gradient, speed,
directedness, actin cytoskeleton alignment as well as
the metastatic potential of the cells. This suggested the
use of the LDA for analysis, where using this approach
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TABLE 4. Classification accuracy of the linear discriminant for ovarian cancer cells on laminin (top) and fibronectin (bottom).

% Classified

Laminin
HEY1 SKOV3.ip1 OVCA433 I0OSE
True HEY1 90.9 9.1 0 0
SKOV3.ip1 9.1 90.9 0 0
OVCA433 0 0 100 0
IOSE 0 9.1 90.9
% Classified
Fibronectin
HEY1 SKOV3.ip1 OVCA433 I0OSE
True HEY1 81.8 9.1 0 9.1
SKOV3.ip1 9.1 81.8 0 9.1
OVCA433 0 0 100 0
IOSE 0 0 0 100

TABLE 5. Classification accuracy of the linear discriminant for normal breast (BN) and breast cancer (BC) cells on laminin (L) and
fibronectin (F).

% Classified

BCF BCL BNF BNL
True
BCF 100 0 0 0
BCL 9.1 90.9 0 0
BNF 0 0 72.7 27.3
BNL 0 0 18.2 81.8
Discriminant Function Scores (ovarian cancer cell lines) can be used in future
Breast Cell Lines . e .
o | experiments to better assess the predictive value of this
model.
OBCL
N - OBCL
05) ®BCL
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g * e BN:BNF.BNLIzNLN The LN and FN bi-gradient fibers are used to
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o - BNF “B .
B SIECL BNF? BONFL.;';'; e and breast cells. We showed that metrics such as speed
d direct d to b idered when int
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FIGURE 9. Linear Discriminate analysis of breast cell lines
on LN and FN models. Represented are MDA-MB-231(BCL and
BCF) and MCF-10A (BNL and BNF).

we found high classification accuracy between the
different cell types and between LN and FN gradients.
Cross-validation analysis along with incorporating
other cell lines such as MCF-7 (human breast adeno-
carcinoma cell lines), OVCAR4 and Kuramochi
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observed were consistent with whether the cells had
undergone an EMT transition, i.e., were more epithe-
lial or mesenchymal in nature. By incorporating met-
rics such as migration speed, directedness and
cytoskeletal alignment, we discriminated all cell types
without relying on complex molecular biological tools.
Furthermore, given the high fidelity and reproducibil-
ity of these gradient fiber based models, we foresee
applications as diagnostics platforms and toxicology
experiments in assessing efficacy of drug treatments
targeted at specific ECM components.
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